Centimeter-sized Te-doped GaSe ingots were grown from the charge compositions of GaSe with nominals 0.05, 0.1, 0.5, 1, and 3 mass% Te, which were identified as ε-GaSe:Te (0.01, 0.07, 0.38, 0.67, and 2.07 mass%) single crystals. The evolution of the absorption peaks of the phonon modes E' (2) (∼0.584 THz) and E" (2) (1.77 THz) on Te-doping in GaSe:Te crystals was studied by THz time-domain spectroscopy. This study proposes that the evolution of both E' (2) and E" (2) absorption peaks correlates well with the optical quality of Te-doped GaSe crystals, which was confirmed by experimental results on the efficiency of THz generation by optical rectification. Maximal intensity of the absorption peak of the rigid layer mode E' (2) is proposed as a criterion for identification of optimal Te-doping in GaSe crystals.
Introduction
The optical properties of GaSe have been successfully used to generate coherent radiation in the mid-infrared and down to the terahertz (THz) frequency range [1, 2] . Several unique properties of GaSe are associated with its layered structure. The basic four-fold layer consists of two monoatomic sheets of Ga sandwiched between two monoatomic sheets of Se. The strong covalent interaction within these basic layers and the Van-der-Waals-type weak bonding between these basic layers renders GaSe a highly anisotropic material. GaSe crystals are negative uniaxial crystals and belong to the point group of62m. Four polymorphic modifications were identified in the GaSe compound. The atom arrangement in one layer is the same for all four modifications; however, layer stacking can be classified by the noncentrosymmetric δ , ε, and γ or the centrosymmetric β modifications [3] . In general, GaSe crystals grown by the conventional Bridgeman technique are ε-polytype. Because of the layer structure, GaSe crystals exhibit considerable anisotropic absorption at short-wavelength edges of visible and THz ranges, and at long-wavelength edge of mid-IR range. The strongly anisotropic absorption (α e > α o ) at short-wavelength visible range is related to anisotropic band structure and the selection rules for the optical absorption in layered GaSe crystals [4, 5] . Additionally, the layer structure of GaSe results in low (almost zero by Mohs scale) hardness, and the crystals can be easily cleaved along planes parallel with the atomic layers, which hamper large-area applications.
GaSe is an excellent matrix material for doping with various elements. An original ε-polytype structure of GaSe was strengthened by doping; the physical properties responsible for the frequency conversion efficiency were also modified [6] [7] [8] [9] [10] [11] [12] [13] . Although the THz generation and optical properities in GaSe have been examined in detail [2, 14, 15] , few studies focused on the optical properties in THz range and the THz generation by doped GaSe crystals. The optical properties were studied experimentally in S-doped GaSe (GaSe:S) [16] , GaSe:In [17] , GaSe:Er [10, 18] , GaSe:Al [12] , and GaSe:Te [17, 19, 20] . This indicates that the optical properties and THz gerneation effecicency of GaSe are strongly doping dependent. However, no systematical studies were conducted to find the optimally doped GaSe-based system for both mid-IR and THz applications. To our knowledge, no simple and reliable methods can be applied to identify the optimal doping in GaSe crystals for THz applications.
Among the physical properities, the far-infrared absorption of a non-linear crystal is a practical limitation on the optical rectification and down conversion. The far infrared absorption of a crystal is usually attributed to infrared-active phonon modes or their combination modes. For instance, Chen et al. [15] experimentally studied the effect of phonon mode of rigid layer mode E' (2) centered at 0.596 THz on the refractive index and THz generation efficiency in GaSe. In addition, the phonon mode of E" (2) at 1.78 THz was found in GaSe:S crystals [16] , which demonstrated that the doping of S suppressed the rigid layer mode E' (2) and caused the E" (2) mode. However, the doping-dependent evolution between two modes of E' (2) and E" (2) remains unclear.
This paper reports the growth of centimeter-sized ingots with ε-GaSe:Te (nominal 0.05, 0.1, 0.5, 1, and 3 mass% in the charge composition) single crystals for non-linear applications. The strong correlation between the structure and the phonon modes in various Te-doped GaSe crystals was observed for the first time by measuring the absorption spectra in mm-long samples. As Te concentration increased, the absorption peak of rigid layer mode E' (2) markedly rose and subsequently shrunk with the simultaneous appearance of phonon mode E" (2) at 1.77 THz in heavy Te-doping. This study also proposed that the evolution of E' (2) and E" (2) modes can be used to identify the lattice structure and the optical quality in Te-doped GaSe crystals, which was experimentally confirmed by the study of THz generation efficiency at various Te-doping levels. The THz generation efficiency from ∼0.3-mm-thick Te-doped samples with 0.07 mass% was over 20% higher than that in a pure GaSe crystal with same thickness, and was consistent with the highest absorption peak of the rigid layer mode E' (2) . Finally, the doping-dependent evolution of the rigid layer mode E' (2) may be used as a criterion for identifying the optimal doping in GaSe or other crystals.
Crystal growth and characterization

Growth technology
The GaSe:Te crystals were prepared according to the following processes. Initially, the polycrystalline materials with 120-150 g were synthesized in a two-zone horizontal furnace by using high purity (99.9999%) gallium (Ga), selenium (Se), and 99.9% tellurium (Te). The synthesis was performed in sealed quartz ampoules, which were evacuated to 10 −5 Torr. Weighted charges of Ga and Se were placed in the boats located at hot and cold ends of the ampoule. A GaSe crystal was synthesized through three sequential stages with different temperature profiles over the ampoule, as described elsewhere [11] . Chemical reaction of the reagents up to GaSe formation was produced in the first stage by interacting between the vapor from the sublimation of Se at 690 • C and Ga melt at 970 • C; that is, the GaSe compound was synthesized in the reaction ampoule under selenium vapor pressure. In the second stage, the melt further homogenized at 1000 • C through diffusion. In the final stage, the melt was cooled for 36 hours to form a large block and homogeneous GaSe ingot. For GaSe:Te crystals, Te with 0.05, 0.1, 0.5, 1, and 3 mass% were added into the boat with gallium during synthesis. The temperature gradient at the crystallization front was 10 • C/cm, and the crystal pulling rate was 10 mm/day. Figure 1 shows the typical microscopic image of the pure and Te-doped GaSe single crystals.
The concentration of Te in GaSe:Te crystals was determined as 0.01, 0.07, 0.38, 0.67, and 2.07 mass% by electron probe micro-analyzer (EPMA, JEOL JXA-8800M). In addition, the EPMA results show the homogenous distribution of Te in all of the samples used in this study. The crystal structures of all samples were recognized as the ε-polytype of62m point group by the X-ray diffraction patterns. The samples were prepared by cleaving the middle part with most homogeneity of an as-grown ingot parallel to the z-cut layer, and were used without additional treatment. The same samples or their parts were also used in various studies of this work. Additionally, the microhardness of GaSe:Te crystals was approximately 10 kg/mm 2 which is higher than the value of ∼8 kg/mm 2 in GaSe crystals. 
Optical properties
Mid-IR transmission spectra were recorded by FTIR VERTEX 70v (Bruker Optics Corp.) spectrometer with an operation wavelength range of 8000-375 cm −1 and spectral resolution of 0.16 cm −1 . Thickness of the GaSe sample examined in this measurement was of 0.89 mm. The thickness of the 0.01, 0.07, 0.38, 0.67, and 2.07 mass% Te-doped GaSe samples were 1.14, 1.00, 1.00, 0.98, and 0.87 mm, respectively. The typical mid-IR transmission spectra are presented in Fig. 2 . The features with strong low-frequency absorption and the position of phonon mode in GaSe remain the same for Te doped GaSe. This implies that Te doping is unavailable for changing the optical quality in mid-IR range. Mid-IR absorption coefficients were estimated from Fig. 2 , and also determined in local point-to-point measurements by using low power CO 2 laser ( / 0∼1.0 mm) at 9.6 μm to minimize the influence of the microscopic surface and bulk defects on the measurement results. Subsequently, the point measurement data were applied to calibrate transmission spectra recorded by the mid-IR spectrophotometer. Because of the low mid-IR absorptivity, the presence of surface and bulk micro-defects, and the drifts of zero and 100% levels in spectra, we estimated only upper limit of the o-wave absorption coefficients and were unable to quantitatively characterize the optical quality as a function of doping levels in these six GaSe:Te crystals. The average absorption coefficients α in pure GaSe and GaSe:Te (0.01, 0.07, 0.38 mass%) crystals estimated from calibrated absorption spectra were within 0.1-0.2 cm −1 . For a 0.67 mass% GaSe:Te crystal, the average absorption coefficient was estimated as of 0.3-0.4 cm −1 , which can be reduced to 0.2 cm −1 by measuring the local point. However, because of the noticeable precipitates in a 2.07 mass% GaSe:Te crystal, as shown in Fig. 1(f) , the higher absorption coefficients with a fluctuating range from ≤ 1 cm −1 to a few cm −1 were obtained in the local points. Moreover, the strongly anisotropic absorption (α e > α o ) in GaSe crystals does not change in Te-doped GaSe crystals.
The optical properties in the range of 0.4-2.0 THz were measured by a home-made THz time-domain spectroscopy (TDS) system, as described elsewhere [16] . The THz pulses were generated by home-made biased 5×5×1 mm InP photoconductive switch under the pumping of 50 fs pulses from Ti:sapphire laser (central wavelength: 800 nm, pulse repetition rate: 80 MHz). The generated THz pulses propagated through four off-axis parabolic mirrors and focused on a 1-mm-thick (110) ZnTe crystal, which was used to probe the THz pulse waveform by the free-space electro-optic (EO) sampling technique. The entire experimental setup was placed in an airtight enclosure purged with dry nitrogen and maintained at a relative humidity of < 3.0 % to avoid the strong absorption of the water vapor in THz range. In this study, THz beam was normally incident to the crystal surfaces.
It was necessary to consider the lattice vibration contribution to the free carriers to investigate complex dielectric function of GaSe:Te crystals in THz range. According to the combined Drude-Lorentz model, the total complex dielectric functionε(ω) [21] is given bỹ
where S j is the strength of the oscillator, ω TO j is the frequency of the transverse optical phonon, Γ j is the phonon relaxation rate, ω p is the plasma frequency, and < τ > is the average momentum relaxation time for free carriers. The first term of right-hand side, ε(∞) , is the highfrequency dielectric constant related to bound electrons; the second term describes the contribution of optical phonons; and the third term is the contribution from free electrons or plasmons. From the Drude-Lorentz model approximation, the complex dielectric function is given by the following equation:ε
where the complex conductivityσ (ω) can be written asσ (ω) = σ r (ω) + iσ i (ω). The real part of conductivity σ r (ω) = 2nκωε 0 (κ = cα/2ω) can be obtained from Eq. (2) and two-atom sub-layer mode E" (2) in a primitive layer.
By using Eq. (3), we fit the experimental data of the real part conductivity (see Fig. 3 ) with the free-space permittivity of ε 0 = 8.854×10 −12 F/m. All the fitting parameters are summarized in Table 1 . By theoretical fitting in Fig. 3 , the absorption phonon modes can be described precisely by a number of physical parameters, as listed in Table 1 . For instance, the oscillator strength S j , an estimation of the intermolecular interaction, is Te-doping dependent in GaSe crystals and has a maximal value for 0.07 mass% GaSe:Te.
Because of the low absorptivity in the THz range, the presence of surface and bulk microdefects, and the drifts of zero and 100% levels in spectra, we estimated only the upper limit of o-wave absorption coefficients, and were unable to quantitatively characterize the optical 
THz generation via optical rectification
In this section, we describe THz generation in pure and Te-doped GaSe crystals through the optical rectification method by a commercial Ti:sapphire oscillator with a pulse duration of ∼70 fs and repetition rate of 5.2 MHz. By using a 100-μm-thick (110)-oriented ZnTe crystal as EO detector, the temporal waveforms of the THz field from GaSe:Te crystals were measured using the EO sampling technique, as shown in Fig. 4(a) . All specimens were fabricated with an almost fixed thickness (approximately 0.3 mm) to compare the THz generation efficiency. The fast Fourier transformation (FFT) of the temporal profile of THz pulse was used to obtain the central frequency and output power of THz radiation, as illustrated in the inset of Fig. 4(a) . Consequently, the power and the central frequency of the generated THz pulses on all GaSe:Te crystals were extracted, as shown in Fig. 4(b) . The central frequency of THz emission was independent of the Te-doping in GaSe crystals. However, the Te dopant in GaSe crystals considerably improved the THz output power. The highest conversion efficiency, over 20% higher than that of a pure GaSe crystal, was found in a 0.07 mass% Te-doped GaSe crystal.
Discussion
Crystals grown from the charge compositions of GaSe with nominal 0.05, 0.1, 0.5, 1, and 3 mass% of Te were identified as the noncentrosymmetric ε-GaSe:Te (0.01, 0.07, 0.38, 0.67, and 2.07 mass%) crystals, which are useful for non-linear applications. The crystal structure of the heavy Te-doped (nominal 5 and 10 mass%) GaSe crystals were polycrystalline, and unsuitable for non-linear applications. A small 0.02-THz shift of the central frequency of the phonon mode E' (2) (in Table 1 ) was observed only in GaSe:Te with 2.07 mass% crystals. This indicates that the slight doping of Te has almost no influence on the lattice parameters of GaSe crystals. The low absorptivity in slightly Te-doped GaSe limited us to resolve the small changes of the absorption coefficients in THz and mid-IR ranges with maximal transparency, as well as to identify optimal Te-doping in GaSe crystals.
Furthermore, the noticeable changes in the absorption peak intensities of the phonon modes E' (2) and E" (2) were observed with various Te dopings, as shown in Fig. 3 . For E' (2) at ∼0.584 THz, the so-called rigid layer mode was formed because the GaSe layers vibrated as rigid units and no relative displacement occurred between the Ga and Se atoms within a basic layer, as illustrated in the inset of Fig. 3 . However, if the layers vibrate with the relative displacement between two Ga-Se sub-layers within four-atom rigid layers (see the inset of Fig. 3) , the frequency of phonon mode would be higher than the rigid layer mode, that is, the E" (2) mode at 1.77 THz, as shown in Fig. 3 [22] . First, we focused on the intensity evolution of absorption peaks as increasing the concentration of Te. For slight Te-doping, the absorption peak of the rigid layer mode E' (2) gradually increased until it reached maximal value at Te-doping of 0.07 mass%. This indicates that the lattice structure in GaSe was improved by decreasing the number of point-and layer-stacking defects with Te-doping [8, 23] , which correlates with the clear images in Figs. 1(b) and 1(c) , respectively. Consequently, the optical quality of GaSe:Te was also considerably improved by Te-doping. However, the shrink of the absorption peak of the rigid layer mode E' (2) reveals that the improvement of the lattice structure and optical quality in GaSe cannot be further extended by more Te dopings. This degradation of optical quality in Te-doped GaSe crystals can be caused by increasing structural defects (polytypism, stacking faults, dislocations) [20, 23, 24] , defect complexes [13, 24] , exciton-phonon and excitonimpurity interactions [25] , intensive interlayer (interstitial) species [23, 26] , and formation of strained regions [25] . For heavy Te-doped GaSe crystals, the rigid layer mode E' (2) disappears, which is consistent with the results of [20] and the observations in GaSe:S crystals [16] . As the rigid layer mode E' (2) shrink, the phonon mode E" (2) at 1.77 THz, which was also observed in GaSe:S crystals [16] ,gradually increased in intensity in conjunction with the Te dopings. No distinct reason was found to explain the increase of E" (2) mode; however, interlayer intercalation of larger-size Te atoms [13, 25] led to the formation of the local strained regions that bond hard Se-Ga sub-layers.
The results of the THz pulse generation in GaSe:Te (0, 0.01, 0.07, 0.38, 0.67 and 2.07 mass%) through optical rectification in Fig. 4 reveal the strong correlation between the intensity of the absorption peak of phonon mode E' (2) and THz generation efficiency, that is, the optical quality in Te-doped GaSe crystals. The THz generation efficiency in 0.07 mass% GaSe:Te crystals was over 20% higher than that in pure GaSe crystals. Further improvement in the generation efficiency is possible by carefully tuning the Te-doping level between 0.07 and 0.38 mass%, optimizing the crystal length because of the so-called "scaling up" effect [8] , and improving surface quality. It is also proposed that the higher damage threshold can be reached due to higher optical quality in optimally doped GaSe crystals if the surface defects can be suppressed to allow higher pump intensity.
Because of a narrow window for the optimal concentration of Te doping in GaSe crystals, which were not considered or occasionally omitted, no optimally Te-doped GaSe have been reported in previous studies. However, the optimal doping in GaSe crystals is crucial in the application of sub-cm and cm-sized crystals in long-pulse frequency conversion at mid-IR and down-conversion into THz range [15] as it proceeds from the "scaling up" effect [8] . This study is the first to demonstrate the evolution of E' (2) and E" (2) phonon modes measured by THz TDS to identify the optical quality and the optimal doping levels in doped GaSe crystals.
Conclusion
Centimeter-sized Te-doped GaSe ingots were grown from the charge compositions of GaSe with nominal 0.05, 0.1, 0.5, 1, and 3 mass% of Te, which were identified as ε-GaSe:Te (0.01, 0.07, 0.38, 0.67, and 2.07 mass%) single crystals and suitable for non-linear applications. We found a strong correlation between intensity of the rigid layer mode E' (2) at ∼0.584 THz and the optical quality in Te-doped GaSe crystals. This study was the first to use this correlation as a sensitive mean for determining the optical quality in doped GaSe, and as an efficient tool for determining the optimal doping level. This was further confirmed by the THz generation experiments. The Te doping of approximately 0.07 mass% was identified as the optimal doping for THz generation through optical rectification, resulting in 20% improvement in generation efficiency. Further improvement in the efficiency can be achieved by fine-tuning the doping levels and the crystal length because of so-called "scaling up" effect, by canceling the surface defects and increasing pump intensity.
